Approaches that prioritise chemicals according to their importance as environmental contaminants have been developed by government agencies and private industries. However, it has been noticed that few approaches, such as one published by the United States Environmental Protection Agency (USEPA), address the needs of the drinking water industry. There is also no generic approach to the selection, prioritisation and monitoring of organic contaminants in the drinking water value chain. To safeguard drinking water industry customers, it was necessary to develop a generic protocol to assist with the identification of a list of organic contaminants for monitoring in the drinking water value chain. Once the protocol was developed, it was validated in a prototype drinking water value chain. This paper describes the implementation of such a generic protocol. The exercise comprised of testing each step of the protocol, from selection of the 'pool of organic contaminants' (Step I) to recommending the final priority list of organic contaminants (Step VII). Successful implementation of the protocol took place in the Rand Water (South Africa) drinking water value chain (from catchment to tap). Expert judgment was emphasized during the implementation as each step was validated and the opinion of key stakeholders used to shape the process. The tailor-made prioritisation criteria, reflecting the drinking water industry perspective, proved to be successful in selecting and prioritising organic contaminants for monitoring in the drinking water value chain. The organic contaminants were successfully prioritised in 3 classes: short-term priority for analysis, medium-term priority for analysis and long-term priority for analysis. This is a very important guide to assist water utilities in optimising their resources while not compromising the role of public health protection. Finally, a priority list of organic contaminants was identified for use by Rand Water and other water utilities.
Introduction
Today's vast chemical industry and particularly its giant offspring, the production of synthetic organic chemicals (Middleton and Rosen, 1956) , have introduced new challenges to the scientists and public officers engaged in providing and protecting public health through the provision of safe drinking water. This challenge was noticed more than half a century ago (Middleton and Rosen, 1956) . Industrial contamination of water, while important, is not the only factor to consider in the complex organic pollution situation. Domestic sewage, natural run-off and materials derived from the life cycle of aquatic plants and animals contribute substantial quantities of organic materials to streams. (Meintjes et al., 2000; Kolpin et al., 2004; Cheevaporn et al., 2005; Voutsa et al., 2006; Ellis, 2006) This observation has resulted in recent research efforts being focused on organic contaminants (Zimmerman, 2005; Karthikeyan and Meyer, 2006; Rissato et al., 2006; Weber et al., 2006; Rowe et al., 2007; Kim et al., 2007; Kumar et al., 2008) . The major outcome from this has been the detection of a number of more classic organic contaminants as well as the so-called 'emerging organic contaminants ' (Kaj et al., 2005; Colvin, 2006; Richardson et al., 2002; Loganathan et al., 2007; Haukas et al., 2007; Miège et al., 2008; Oberdörster et al., 2006) . Another challenge is the indication that most organic wastewater contaminants are not completely removed during conventional wastewater and drinking water production processes (Rodriguez-Mozaz et al., 2006; Majam and Thompson, 2007; Kim et al., 2007; Stackelberg et al., 2007; Miège et al., 2008; Balest et al., 2008; Okuda et al., 2008) . Such contaminants might be present in drinking water distributed to the consumers and the number of organic contaminants of concern to the drinking water industry has increased.
Exposure of consumers to organic contaminants introduced during drinking water distribution, either from materials of construction or by process, needs to be assessed since consumers might have direct exposure. Such studies have been conducted (Kolpin et al., 2004; Ellis, 2006; Bolto and Gregory, 2007; Majam and Thompson, 2006; Majam and Thompson, 2007; Kim et al., 2007; Stackelberg et al., 2007; Miège et al., 2008) . It is therefore necessary to identify organic contaminants with the potential of entering into surface and groundwater sources, being introduced into the treatment process, surviving the treatment process or being formed as impurities and/or by-products during the treatment process. This includes substances released into treated water due to leaching from distribution material, such as reservoir linings, pipelines, and/ or released from household plumbing systems into the final http://dx.doi.org/10. 4314 488 drinking water. Consumers might also be exposed to organic contaminants at the point of use through activities such as bathing and washing (Cheevaporn et al., 2005) .
The concerns of the drinking water industry include potential adverse health effects these organic contaminants are capable of causing, potential damage to infrastructure, and impairment of the acceptability of drinking water to consumers. Among those known are the production of offensive tastes and odours in water (Carmichael et al., 2001; Du Preez and Van Baalen, 2006) , interference with treatment of water for industrial and domestic use (Majam and Thompson, 2006) , and causing of adverse health effects to non-target aquatic organisms and human health (Calderon, 2000; Cooper et al., 2000; WHO, 2004; Wiegand and Pflugmacher, 2005; Rier and Foster, 2002; Zhu et al., 2006; Voulvoulis, 2004; Sharpe, 2003; Webb et al., 2003; Jones et al., 2005; Gopal et al., 2007) . Well-known adverse health effects of concern include various cancers, mutagenicity, teratogenicity, reproductive effects, toxicity and endocrine disruption (Burger, 2005) . Consequently, monitoring for organic contaminants in the drinking water value chain (from source to tap) is becoming mandatory. It is therefore crucial that appropriate tools that will allow drinking water service providers to manage organic contaminants in the drinking water value chain be developed. The tool should allow the service provider to select and prioritise those priority organic contaminants of concern to drinking water and public health.
Approaches that prioritise chemicals according to their importance as environmental contaminants have been developed by government agencies and private industries such as the United Kingdom's Institute for Environmental Health (IEH) (IEH, 2004) , the European Community's Oslo and Paris (OSPAR) Convention exercise for the protection of the Northeast Atlantic marine environment (EC, 2000; EAWAG, 2002) , the European Union (EU)'s combined monitoring-based and modelling-based priority-setting scheme (EU-COMMPs) (Klein et al., 1999) and the United States Environmental Protection Agency (USEPA) (USEPA, 2000; EAWAG, 2002; USEPA, 2008) . These approaches have illustrated how the complex and often contentious task of identifying, ranking and culling multitudes of substances to result in much smaller numbers that will receive regulatory and research consideration has been approached in various countries. They also serve to illustrate how stakeholder consultation and expert judgment is vital and integral to the design, implementation and validation of these types of prioritisation schemes. However, shortcomings are apparent. Few approaches address the needs of the drinking water industry and there is no generic approach to the selection, prioritisation and monitoring of organic contaminants in the drinking water value chain. This has led to poor regulation of organic contaminants in drinking water, especially in developing countries.
To address these shortcomings, Ncube et al., (2011) developed a generic protocol for the selection and prioritisation of organic contaminants for monitoring in the drinking water value chain (from source to tap) ( Fig. 1) . This protocol was implemented in a prototype drinking water value chain. The framework within which the protocol was developed consisted of 3 major steps: the selection of the 'pool of contaminants', screening, and prioritisation. For each step criteria reflective of the needs of the drinking water industry, being mainly to protect human health and integrity of the water supplied to consumers, was used. The protocol aimed to identify priority organic contaminants for monitoring in the drinking water value chain (from source to tap). In addition, this protocol served to identify the importance of expert judgment in this type of exercise, proposing tailor-made criteria for prioritising organic contaminants and challenges faced by the industry in monitoring for organic contaminants in environmental samples. Hence, the main criteria used were based on the potential of organic contaminants to occur in the drinking water value chain, potential to cause human health effects, availability of standards and guidelines to allow for the regulation of organic contaminants in drinking water, capacity for removal, ease of monitoring in the drinking water value chain, potential of contaminant to cause aesthetic water quality problems such as taste, discolouration and odour, and the potential to increase the customer perception of risk. The objective of this paper is to present the approach used to prioritise the organic contaminants, the outcome of implementing each step from selection to prioritisation, and the priority organic contaminants recommended for use by a case-study drinking water service provider, Rand Water (South Africa) and other water utilities.
Description of study area
Rand Water is a bulk water supplier which provides treated water to more than 12 million people. Rand Water's area of supply includes a distribution network of over 3 056 km of large diameter pipeline, feeding 58 strategically-located service reservoirs ( Fig. 1 ). Its customers include metropolitan municipalities, local municipalities, mines and industries and it supplies, on average, 3 653 million litres of water to these customers daily. The water utility abstracts its source water from the Vaal Dam catchment. This catchment is mainly agricultural although other land-use activities such as coal mining, gold mining, fuel production, power-generation, urban and industrial development also occur. This could result in the release of organic contaminants into the catchment. A survey conducted by Bruwer et al. (1985, cited in Braune and Rogers, 1987) showed micro-organic contamination along the entire length of the Vaal River downstream of the Vaal Barrage. The survey also indicated evidence of bio-accumulation of polychlorinated biphenyls (PCBs) and chlorinated pesticides in fish. Van Steenderen et al. (1987, cited in Braune and Rogers, 1987) reported a high degree of organic contamination in the Vaal River below the Barrage to Parys. High levels of phenolic compounds were found. These compounds can cause serious taste and odour problems, especially after chlorination. Van Steenderen et al. (1987) investigated organic contamination between the Vaal Dam-Vaal River Barrage system. The investigation of organic contaminants between the Grootdraai Dam and Parys resulted in 25 organic compounds being identified. These included chlorinated benzenes, phenols, phthalates, saturated hydrocarbons, pesticides such as atrazine, γ-BHC, cholesterol and polynuclear aromatic hydrocarbons such as pyrene.
In the early 1980s, Rand Water did an extensive survey of all international organic criteria, compiled appropriate documents on the use of organic contaminants in its catchments and funded a workshop with a panel of experts in order to establish the usage of various compounds in South Africa and the possibility of any detrimental health effects on Rand Water consumers (Bailey et al., 1988) . It was evident that limiting factors have been the lack of accurate information about the extent of pollution, lack of capacity and expertise for analysis and the absence of local guidelines and standards for regulation of organic contaminants in drinking water. Some of the research needs identified for the Vaal River Catchment were the establishment of an organic pollutant monitoring system, factors affecting water quality in the Vaal Dam and the effects of future management options on water quality and the accumulation of pesticides in the aquatic food chain (Braune and Rogers, 1987) .
These identified research needs and the global actions on persistent organic pollutants (POPs) and suspected or potential endocrine-disrupting chemicals (EDCs) have since served as a catalyst for Rand Water management to re-kindle the efforts to address concerns of possible drinking water contamination by organic contaminants. These concerns were held by other role players in the water sector and relevant stakeholders such as the Department of Water Affairs (DWA), the Water Research Commission (WRC), other Water Boards, the Department of Agriculture, and universities who had started dialogue and research in the area. A study by Polder et al. (2008) indicated that higher concentrations of polybrominated diphenyl ethers (PBDEs) were measured in bird eggs from the Vaal River, which is situated downstream of the most industrialised area in South Africa (Polder et al., 2008) . It is because of this context that Rand Water was chosen for validation of the protocol for the selection and prioritisation of organic contaminants for monitoring in the drinking water value chain.
Application of the protocol
This entailed the assessment of all of the steps illustrated in Fig. 2 . A list-based approach was used in compiling the 'pool of contaminants'. Information, on naturally-occurring organic contaminants, known classical and 'emerging' organic contaminants, organic contaminants deliberately added into the drinking water during its treatment including known water treatment residues (WTR), restricted, banned and locally-used pesticides, was collated (Table 1) . Four manuals on used pesticides and management of pests from the national Department of Agriculture were used to identify frequently-used pesticides (DoA, 2000; DoA 2002; DoA, 2003; DoA, 2004) . The PAN-UK database for South Africa's registered list of pesticides was used for comparison and confirmation. The lists of regulated organic contaminants, such as endocrine-disrupting chemicals (EDCs), 'the EU list of priority substances for drinking water used for human consumption' and 'the dirty dozen' identified by the Stockholm Convention on Persistent Organic Pollutants (UNEP, 2001) were also considered. Organic contaminants appearing in drinking water quality guidelines or standards, such as the South African National Standard for drinking water SANS 241 (SABS, 2006) , WHO guidelines for drinking water quality ( WHO, 2004) , Health Canada drinking water quality guidelines (Health Canada, 2008) , the USEPA list of regulated organic contaminants in drinking water (USEPA, 2008) , organic contaminants in the Australian drinking water quality guidelines (NHMRC, 2004) and the New Zealand drinking water quality standards (MoH, 2008) , were identified using the WHO guidelines as a benchmark. Interviews were conducted with various organisations to identify organic contaminants being analysed for. The information gathered from the interviews was checked against the 'pool of organic contaminants' or added accordingly. The resultant 'pool of contaminants' contained 600 organic compounds.
Once the 'pool of contaminants' was compiled, a workshop was conducted to determine the organic contaminants of possible concern. This was a qualitative exercise where the guiding principle was the relevance of the organic contaminants and their public health significance to the drinking water industry. During this step, similarities were noted and some organic contaminants were eliminated from the list based on the non-relevance to drinking water and the diversity of views and experience of the various experts. Some organic contaminants were adopted as being of concern, resulting in a 'Preliminary list of organic contaminants of possible concern (PLOCPC)' (Fig. 2 ). This resulted in 328 organic contaminants of possible concern remaining on the list. The screening of the preliminary list of organic contaminants of possible concern to drinking water was performed at 4 different levels (Fig. 2) . This firstly involved conducting a literature survey, as it was evident that there might be more contaminants of concern to the drinking water industry. The list produced from the literature review was compared with the 'Preliminary list of organic contaminants of possible concern (PLOCPC)'. Some organic contaminants were eliminated at this stage based on the weight of evidence from the literature review. The compounds were arranged into a table according to their functional groups: organic contaminants of health concern via the drinking water ingestion route, dermal contact or inhalation, or those of aesthetic concern. Any evidence from the literature review was noted accordingly, as this would assist in decision-making in future steps. The main aim of the literature review was to identify organic contaminants with the potential for occurring in source water resources, at the plant during water treatment, along the distribution network and at the point of use.
The literature review revealed that organic contaminants that threaten source water quality include both naturally-occurring organic compounds and synthetic organic compounds. Natural organic contaminants include natural organic matter, humic substances, (Coelho-Souza et al., 2006; Frimmel, 1998; Klavinš et al., 2001 ) organometallics, (Pacheco et al., 2005 Leeuwen, 2000; Mahalingam, 2004) , algal toxins and their microbial metabolites. Major groups of organic contaminants found in the literature were pesticides and their metabolites and pharmaceuticals and personal care products (PPCPs) (Kolpin et al., 2004; Karthikeyan and Meyer, 2006; Ellis, 2006; Kim et al., 2007; Stackelberg et al., 2007) . Like the PPCPs, pesticides have been widely researched (Cheevaporn et al., 2005; Rissato et al., 2006; Zhang et al., 2004; Zhang et al., 2002; Wenzel et al., 2003) . The various groupings of organic contaminants that occur in source water resources across the globe, as obtained from the literature review, are presented in Fig. 3 .
Organic contaminants from water treatment processes
While the addition of chemicals to source water during drinking water production is beneficial, the general concern is the formation of water treatment residues (WTRs). WTRs are byproducts from drinking water production (Titshall and Hughes, 2005) . WTRs from conventional water treatment processes consist mainly of the precipitated hydroxides of the treatment chemicals that are added to coagulate and flocculate dissolved and suspended material in the source water and also during the residue dewatering process (Titshall and Hughes, 2005) . Some WTRs of concern include those introduced by the use of synthetic organic polymers as coagulant or flocculant aids (Bolto and Gregory, 2007; Niquette et al., 2004; Lee et al., 2004) . These structures may be polyelectrolytes, such as water-soluble flocculants or water insoluble ion exchange resins, or insoluble uncharged materials such as those used for plastic pipes and plastic trickling filter media. Polydiallyldimethyl ammonium chloride (PDADMAC) and epichlorohydrin-dimethylamine (epi-DMA) are established coagulants in the treatment of drinking water (Majam and Thompson, 2006) . However, polyelectrolyte products used in the water supply industry may Organic contaminants of concern to public health All listed organic contaminants
The PAN-UK list of registered pesticides for South Africa
List of currently used, banned, restricted pesticides About 500 pesticides had been registered at the time of the study SANS 241:2006
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Listed organic contaminants of concern USEPA, IRIS database A list of organic compounds for which chronic health hazard assessments for non-carcinogenic effects have been done Listed organic contaminants of concern EU Drinking Water Directive List of organic contaminants for analysis in water used for human consumption Listed organic contaminants of concern EDCs for monitoring in drinking water (South Africa) contain, in addition to polyelectrolyte, measurable amounts of certain contaminants. These contaminants are essentially unreacted raw material from the polyelectrolyte manufacturing process, for example monomer units, initiators and quenchers. The literature review focused on these types of organic contaminants.
Synthetic organic polymer use has resulted in concerns other than those of introducing impurities in parent compounds resulting in the release of residual monomers and other organic contaminants of concern into water systems (Bolto and Gregory, 2007; Kurenkov et al., 2003; Majam and Thompson, 2006; Lee et al., 2004; Chang, 2004) . These include degradation of polyelectrolytes into other organic compounds of concern to human health, serving as precursors for the formation of disinfection byproducts which have potentially larger toxic effects on consumers than their parent compounds (Bolto and Gregory, 2007; Kurenkov et al., 2003; Majam and Thompson, 2006; Lee et al., 2004; Chang, 2004) . Disinfection by-products of concern include nitrosodimethylamine (NDMA) (Bolto and Gregory, 2007) and a range of VOCs (Majam and Thompson, 2006) .
Other organic contaminants formed during treatment processes include disinfection by-products (DBPs) of concern to the health of consumers. There is no doubt that chlorination has been successfully used for the control of waterborne infectious diseases for more than a century (Gopal et al., 2007) . It has been confirmed that the chemical disinfection of water results in the formation of a wide variety and large number of DBPs (Simmons et al., 2004; Gopal et al., 2007; Richardson et al., 2002; Woo et al., 2002; Moudgal et al., 2000; Von Gunten, 2003) . DBP profiles can vary with treatment methods (Schenck et al., 2004; Gopal et al., 2007) . The number, chemical type and concentration of DBPs formed depends on source water characteristics such as: type and concentration of disinfectant, application point in the treatment process, type and concentration of organic matter in the water, pH, temperature, and contact time with the disinfectant (Richardson, 2003) . Halogenated trihalomethanes (THMs) and haloacetic acids (HAAs) are two major classes of DBPs commonly found in waters disinfected with chlorine. THMs (the combination of chloroform, bromodichloromethane, chlorodibromomethane and bromoform) and HAA5 (the 5 haloacetic acids: monochloro, dichloro-, trichloro-, monobromo-and dibromoacetic acids) are by-products of chlorination.
Bromate is a by-product of both disinfection with ozone and chlorine (Richardson, 2003) . The challenge facing water-supply industry professionals is how to simultaneously minimise the risk from microbial pathogens and disinfection by-products (Woo et al., 2002) . New DBPs are also emerging as organic contaminants of concern (Richardson, 2003) . Such DBPs include brominated and iodinated compounds such as bromonitromethanes, iodotrihalomethanes, iodo-acids and brominated forms of MX (3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone) (Richardson, 2003) as well as nitrosodimethyl-amine (NDMA).
Potential source water organic contaminants
Pesticides Organic contaminants in distribution systems
The distribution system is also a potential source of organic contamination of drinking water. Organic contaminants can enter supplies in several ways, that is, through leaching from plastic materials, application of renovation processes and permeation of certain plastic pipes, and microbial activity in biofilms (Hecq et al., 2006) . Some introduction of organic chemicals from distribution systems is inevitable at some level, particularly in the early stages, such as with newly-laid pipe or after a recent renovation (Hecq et al., 2006) . Excessive leaching of organic substances from pipe materials, linings, joining and sealing materials, coatings and cement mortar pipe have occasionally been noted in the literature (Hecq et al., 2006) . High density polyethylene pipes (HDPE), cross-bonded polyethylene pipes (PEX) and polyvinylchloride (PVC) pipes for drinking water have been tested for leaching of contaminants (Skjevrak et al., 2003) . A range of esters, aldehydes, ketones, aromatic hydrocarbons and terpenoids were identified as migration products from HDPE pipes (Skjevrak et al., 2003) . Phthalamides have also been found to leach from blue MDPE, and this proved to be due to its presence as an impurity related to the blue pigment, copper phthalocyanine (Skjevrak et al., 2003) . Organotins can leach into drinking water from certain types of polyvinyl chloride (PVC) pipes and PAHs, particularly fluoranthene, can leach from the older types of pipes which were lined with coal tar pitch (Skjevrak et al., 2003) .
Permeation of polyethylene (PE) pipes by organic chemicals has been observed (Skjevrak et al., 2003) . Leaching of organic compounds into water from reservoir/tank linings (Skjevrak et al., 2003) and the release of VOCs and SVOCs from natural biofilms in distribution networks has also been identified (Skjevrak et al., 2005) . It has also been established that disinfection continues along the distribution network and new organic contaminants can be formed (Sadiq and Rodriguez, 2004) . The residence time of water is one important parameter in explaining the fate of chlorinated disinfection by-products (CDBPs) (Sadiq and Rodriguez, 2004) . Table 2 summarises the list of organic contaminants identified in the drinking water value chain. This list formed part of the 'preliminary list of organic contaminants of concern (PLOCC)' after applying the 'Persistence', 'Bioaccumulation' and 'Toxicity' (PBT) criteria (Step III, Fig. 2, Table 3 ).
Once the organic contaminants of possible concern were identified, further screening was done using information from available databases. From these sources, values for the physical properties and cut-off values characterising the 'Persistence', 'Bioaccumulation' and 'Toxicity' attributes were obtained. Based on the cut-off values, it was decided whether to exclude the organic contaminant or to add it to the 'preliminary list of organic contaminants of concern (PLOCC)' (Fig. 2) . Values for each of the contaminants obtained from the above step were obtained from the literature, and using a 'yes' or 'no' decisionmaking process a contaminant was characterised as 'persistent' or 'not persistent', 'accumulative' or 'not accumulative' and 'toxic' or 'not toxic'. The same was done for other parameters.
Since not all of the organic contaminants had readily available data on the human exposure effects, fate and behaviour in the human body, measurement in environmental samples, removal methods from source water, drinking water quality guidelines or standards to enable regulation, it was necessary to develop water quality monographs at this stage (Ncube, 2009; Ncube et al., 2011) . Water quality monographs were developed as an additional tool for screening the organic contaminants on the PLOCPC and those identified through the literature review.
Completed water quality monographs were characterised by unique numbers. It was observed that the PLOCPC contained some organic contaminants which lacked a lot of information, especially on the PBT criteria, removal from water during treatment, fate and behaviour in the environment and drinking water regulation criteria among others. The organic contaminants which were identified for water quality monograph development were automatically placed on the list of organic contaminants of concern (Table 2). The organic contaminants listed in Table 2 were tested for occurrence in the drinking water value chain in Step IV of the protocol (Fig. 2) .
Testing for organic contaminants in a prototype drinking water value chain 'occurrence criterion'
The occurrence criterion which was qualitatively applied in Step III by conducting a literature review was quantified during this step by testing for the occurrence of organic contaminants in the drinking water value chain. The 226 organic contaminants on the preliminary list of organic contaminants of concern (Table 2) obtained from Step III were assessed for occurrence in the Rand Water drinking water value chain. This was achieved by comprehensive laboratory analyses of organic contaminants in biota (fish tissue), sediments and water samples. The assessment was conducted twice a year during the low-flow (dry season) and high-flow (wet season) periods. The aim of this was to determine which organic contaminants or groups of organic contaminants occur in the drinking water value chain ( Fig. 2 ) and in which environmental matrix. This was followed by a decision on whether the organic contaminant should be listed on the final list of organic contaminants of concern (FLOCC), which was the outcome of this step.
Study sites
Data for assessing the occurrence of organic contaminants in the Rand Water drinking water value chain (from source to tap) were collected from the following sites: Township along the S1 line from Mapleton.
Field sampling
Sample collection was conducted during the wet season (high- Table 2 The preliminary list of organic contaminants of concern (PLOCC) based on the occurrence criterion (evidence from the literature) Naturally-occurring organic contaminants ( used for the study due to cost and the fact that gonads (eggs) of females are known to be suitable tissue for the accumulation of organics due to their fatty nature.
After capture the fish were transferred to a holding tank filled continuously with water from Site 1. Before dissecting the fish, the fish were rinsed in water from the body surface. The fish were then killed by a hard blow on the head. Dissection was done on polythene dissection boards using high quality stainless steel dissection tools. Muscle tissue (skinless), gonads, liver and fat tissue were separated and packaged separately (2003) . On arrival at the laboratory, the samples were kept frozen in a freezer until analysis commenced.
Water samples
Samples were collected in triplicate from the 5 locations described above. The sample bottles were selected depending on the type of analysis. For example, for pesticide residue analysis, 2.5 ℓ amber bottles were used. Water samples for volatile organic compounds (VOCs), semi-volatile organic compounds (SVOCs) and bisphenol A were collected in 1 ℓ glass bottles with Teflon-lined caps. The samples were delivered to the respective laboratories and kept cool at 4˚C until analysed.
Sediment samples
Surface sediment from the Vaal Dam was collected using the Edman grab methodology. The sediment was collected in 125 mℓ wide mouth glass jars with a Teflon-lined seal. The samples were collected in triplicate and delivered to the respective laboratories. Samples were kept cool at 4˚C until analysed.
Laboratory procedures
The following procedures were used for the assessment of organic contaminants in fish, sediment and water from the above sample points. Two approaches were used, namely target analysis and multi-residue analysis. For maximum benefit, the organic contaminants on the PLOCC were arranged into functional groups. This made it possible for most of them to be screened using the multi-residue analysis approach. In the multi-residue approach, a single extraction method was used to determine the most commonly encountered pesticides, such as organochlorine pesticides (OCPs), organophosphorus pesticides (OPs), polychlorinated biphenyls (PCBs) and pyrethroid groups of pesticides, using gas chromatography with an electron capture detector (GC-ECD) or flame photometry detector (GC-FPD), depending on the properties of the compounds. If pesticides were detected, the presence of the particular compound was confirmed using GC-MS. It is important to note that not all pesticides would be detected using the multi-residue approach due to the nature and physical properties of certain compounds. These could only be detected and quantified using the target analysis approach.
In the target analysis approach, a method unique to a specific compound or group of compounds was used. For example, semi-volatile organics in both water and sediment were determined using GC-MS Method AM 186 based on US EPA 8270 (USEPA, 2007) . Benzene, toluene, ethylbenzene and xylene isomers, commonly called the BTEX group, were determined in water samples using the purge-and-trap GC-MS Method GC 050, based on US EPA 8260 (USEPA, 1996a). The method is SANAS-accredited for target compound analysis. This analysis was performed by the CSIR Organic Analysis Laboratory.
Assessment of organic contaminants in fish tissue
On analysis, the samples were passed through a meat mincer. Single determinations on representative portions of the wellmixed samples were carried out using SABS in-house Method No. 021/2001 'Multi-residue method for the determination of organochlorine and synthetic pyrethroid pesticide residues in animal tissue' (SABS, 2001) . This method was used to determine the concentration levels of organic contaminants. Recovery determinations were carried out by adding known amounts of the relevant pesticides to portions of a laboratory control sample and analysing these concurrently with the actual samples. Organochlorine pesticides, organophosphorus pesticides, synthetic pyrethroids and PCB congeners were determined using this method for each fish tissue. Triplicate analysis was done for each composite sample.
Assessment of organic contaminants in sediment and water samples
Organochlorine pesticides, organophosphorus pesticides, Table 3 An example of the characterisation of the preliminary list of organic contaminants of concern (PLOCC) as per screening criteria;
Step III of the protocol
Monograph number
Parameter Human health concern Remarks Persistent Accumulative
Toxic Carcinogen Mutagen Endocrine disruptor Teratogenic
Found in the drinking Water value chain Develop water quality monograph? 496 synthetic pyrethroids, PCB congeners, triazines, chloracetamides were analysed using the method as described in the Official Methods of Analysis of AOAC International: 16 th Edition, Volume 1 (AOAC International, 1995) . Phenoxyacetic acids, 2,4-D and MCPA were analysed using SABS in-house Method No. 018/2000 'Determination of 2,4-D residues in various citrus and relevant matrices' (SABS, 2000) . To analyse for dichlorprop, Method CFP1 1991 for determining residues of dichlorprop in citrus fruits was used. The EPA Method 625 Base/Neutrals and Acids (USEPA, 1984) were used for extraction in both cases. Carbamate pesticides (aldicarb, aldicarb sulphone, aldicarb sulphoxide, carbaryl, carbofuran, carbosufan and propoxur) were analysed using Method No. AM127 and Official Methods of Analysis of AOAC International were used for extraction.
For the determination of selected volatile compounds on the PLOCC in sediment samples, such as benzene, toluene, ethylbenzene, m,p-xylene and o-xylene (BTEX group) an inhouse Headspace GC-MS Method AM191, based on USEPA methods 5021 (USEPA, 1996b) and 8260 (USEPA, 1996a) was used. This is a target compound analysis. Bisphenol A was determined using a CSIR in-house GC-MS method. Semivolatile organic compounds were determined using an in-house GC-MS method, AM 186 (based on USEPA method 8270) (USEPA, 2007) .
Statistical procedures and data processing
The objective of data analysis was to find out whether or not there was a significant difference among the 5 sites, among the 3 matrices per site for the first 2 sample sites, among the 11 groups per matrix, and to assess the effect of samples for significance. This is a typical generalised linear modelling procedure in statistics. The statistical model used was the univariate repeated measures analysis of variance (ANOVA). The model was univariate as there was only one outcome variable of interest (the level of concentration of each organic compound obtained from each sample). Data entry and analysis was done using the statistical package STATA Version 10. Generalised linear models were used for extensive data analysis. Standard diagnostic procedures for generalised linear models were used to assess the adequacy of the fitted model.
The validation of the FLOCC by drinking water industry experts
The main aim of this step was to confirm the need to prioritise the organic contaminant(s) or group of organic contaminants for monitoring in the drinking water value chain and to confirm the final list of organic contaminants of concern (FLOCC). The preliminary list of organic contaminants of concern (PLOCC; Table 2 ) obtained from Step III was also presented to the group of experts from the drinking water industry and relevant stakeholders for validation. The workshop was informed of the results of the assessment of PLOCC organic contaminants in the drinking water value chain. At this workshop it was agreed that most of the organic contaminants on the PLOCC were already in the WHO drinking water quality guideline document (WHO, 2004) , which receives extensive international rolling revision. Factors such as relevance to the South African drinking water industry, potential for being detected in any of the critical control points along the drinking water value chain, evidence of adverse human health effects, previous regulation, such as the Stockholm Convention 'dirty dozen' and being registered for use in drinking water treatment, were considered during the exercise. Those organic contaminants that were detected in any matrix of interest during the assessment for occurrence in the drinking water value chain were moved directly onto the FLOCC (Table 4 ).
The following aspects were also considered in identifying compounds for the FLOCC. It was agreed that:
• Benzo[a] pyrene is the most toxic of all the 16 recognised PAHs, hence it will not be necessary to analyse for all 16 but to use BaP as an indicator for assessing contamination by PAHs. • Benzene is a known human carcinogen. It is already being analysed for in the BTEX group for protection against organoleptic properties such as taste and odour and to safeguard against consumer complaints. If benzene is appropriately controlled in the drinking water value chain, chlorinated benzenes will be minimised, especially those forming after chlorination. • Glycol ethers have been associated with taste and odours in surface waters. It was decided to adopt the group as being of concern. • Plasticisers such as bisphenol A, di-n-butylphthalate, and di-(2-ethylhexyl)phthalate, and detergent metabolites octylphenol and nonylphenol, are known for their oestrogen-mimicking effects as evidenced from previous local research. • The 'dirty dozen' list on the PLOCC was adopted as the list of organic contaminants of concern. Hence it was automatically transferred on the FLOCC. • It was decided to move all organochlorine pesticides with enough information on occurrence and potential adverse health effects, as shown by the literature and the assessment exercise, onto the FLOCC. • Some parent organic contaminants such as hexachlorocyclohexane (HCH) have no significance to drinking water but have isomers, such as β-HCH, δ-HCH, γ-HCH, which have been found to cause endocrine disruption effects and liver tumours and are persistent in the environment. The same applies to triazine herbicides such as atrazine and simazine which degrade into more stable metabolites of greater human health concern. • Benzene and its chlorinated products were moved onto the FLOCC due to taste and odour concerns. • Synthetic polymer residues, especially those that are known be in use in some water treatment plants, were also moved onto the FLOCC. • Disinfection by-products which have been positively identified during the assessment in the drinking water value chain and those that are currently regulated were also moved onto the FLOCC. • Polychlorinated biphenyls are currently being regulated in South Africa under the Africa Stockpiles Project. It was agreed that the group consists of a number of congeners.
Only those contaminants that have been detected and whose standards are available were added onto the FLOCC. Another proposal was the analysis of PCB-153 as an indicator of the group since standards for this congener are available. • Pharmaceuticals and personal care products which were detected in aquatic environments were moved onto the FLOCC due to their perceived risks.
From the preceding step, it was evident that some of the organic contaminants on the PLOCC were excluded from the process. One hundred and twenty (120) including some metabolites where relevant, were identified for the FLOCC (Table 4 ).
Establishment of technical capability for the removal of organic contaminants through conventional water treatment, and recommendations for the implementation of the FLOCC
The assumptions influencing this step were that rural community-based water utilities, and some urban ones, especially in developing countries, still have poor infrastructure that does not meet the current challenges for organic contaminant removal, and some organic contaminants can escape the treatment process and be a potential risk to the consumer. Based on these assumptions it was recommended that rural communitybased utilities and those that do not have the capacity to remove selected groups of organic contaminants should test for organic contaminants in their drinking water value chains. In this case, those laboratories that are accredited for organic analysis or with the capability for analysis, such as in universities and similar research organisations, can be used by the water utility to analyse its water samples. The organic contaminants positively identified in such programmes will be added to the preliminary priority list of organic contaminants (PPLOC). In South Africa, such evidence could be gathered from national published documents such as Water Research Commission (WRC) project reports and articles published in Water SA.
Prioritisation of the organic contaminants on the final list of organic contaminants (FLOCC)
The 120 organic contaminants on the FLOCC list were prioritised using the criteria presented in Step VI of the protocol. It was agreed that the highest-priority chemicals are those that have been shown to cause human health effects as a consequence of exposure through drinking water. It was decided that the highpriority chemical list can be modified if those chemicals are found not to be present, but a chemical not found in an initial investigation should not be forgotten. As a result, the prioritisation criteria were applied to the FLOCC but observations made in other steps were used to take a final decision on whether to eliminate an organic contaminant from the preliminary priority list of organic contaminants, or to add it to the list.
Occurrence criterion
Evidence for occurrence of the organic contaminant was collected in 4 tiers in preceding steps, i.e., from the literature, in the water quality monograph development process, using expert knowledge and judgement, and testing for the occurrence of organic contaminants in the drinking water value chain. This was followed by a decision on whether the organic contaminant was positively identified or not in the drinking water value chain. The responses are indicated as shown in Table 5 under the column 'Found in the drinking water value chain?'. The response is indicated qualitatively in the form of 'Y' for 'yes' or 'N' for 'no'.
Adverse human health criterion
The information gathered from the literature review and water quality monographs was used at this stage as it would already be available in Table 5 . This information and the information obtained from the preceding section is combined to assist in prioritising the organic contaminants in 4 groups. At this stage, the prioritisation approach identifies: Table 4 The final list of organic contaminants of concern (FLOCC)
Industrial chemicals (31)
Pesticides ( 
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• Contaminants that are demonstrated to have relatively high toxicity with high potential to occur in the drinking water value chain (Table 5) • Contaminants that are demonstrated to have relatively high toxicity with minimal actual or potential occurrence in the drinking water value chain ( Table 5 ) • Contaminants that are demonstrated to have high potential to occur in the drinking water value chain with relatively moderate toxicity (Table 5 ) • Contaminants that are demonstrated to have minimal potential to occur in the drinking water value chain with relatively moderate toxicity (Table 5) The approach considers and uses as many of the available types of health effects and occurrence data identified in the data source evaluation as practical (Table 5 ).
Other criteria
The above list was further prioritised using the drinking water industry perspective and requirements. It was advisable that local conditions should define this process. The criteria covered aspects such as:
• The availability of standards/guidelines for regulation • Potential to cause water quality problems • Potential to stimulate customer perception of risk
• Removal efficiency and availability of expertise and capacity for analysis Based on these criteria, a semi-quantitative approach was used and 3 priority lists of organic contaminants were identified ( Table 5 ). The organic contaminants were prioritised into short-term (S), medium-term (M) and long-term (L) priority for analysis in the drinking water value chain. Those organic contaminants placed on the short-term priority list were adopted for immediate routine monitoring in the drinking water value chain.
• Short-term (S) Organics falling within this category are listed in Table 5 and are selected based on the following characteristics: the wide range of potential human health concerns via the drinking water ingestion route; the substance is known to cause water quality problems in the drinking water value chain such as the cause of offensive tastes and odours; evidence that the occurrence of a substance or group increases customers' perception of risk; enough resources in place to support ease of monitoring; poor removal efficiency using conventional water treatment methods; availability of drinking water standards/ guidelines to enable regulation and proof of occurrence in the drinking water value chain, especially those contaminants formed during drinking water treatment, distribution, 
Parameter Units Standard/Guideline Human health concern Remarks
Currently analyzed for? Persistent Accumulative 499 storage and use. At least four or more aspects must be satisfied of which the potential to cause adverse health effects and water quality problems must be part of them. • Medium-term (M) substances falling within this category are listed in Table 5 . Organic constituents in this category are selected based on the following characteristics: The wide range of potential human health concerns via the drinking water ingestion route; ability to cause water quality problems in the drinking water value chain such as the cause of offensive tastes and odours; evidence that the occurrence of a substance or group increases customers' perception of risk; no resources in place to support ease of monitoring; moderate removal efficiency using conventional water treatment methods; non-availability of drinking water standards/guidelines to enable regulation; proof of occurrence in the drinking water value chain especially those contaminants formed during drinking water treatment, distribution, storage and use. • Long-term (L) substances falling within this category are listed in Table 6 . Organic constituents in this category are selected based on the following characteristics: insufficient information on human health concerns via the drinking water ingestion route; insufficient information on the impact of the organic contaminant on drinking water quality; no evidence that the occurrence of a substance or group increases customers' perception of risk; no resources in place to support ease of monitoring; removed from drinking water using conventional water treatment methods; non-availability of drinking water standards/guidelines to enable regulation; proof of occurrence in the drinking water value chain especially those contaminants formed during drinking water treatment, distribution, storage and use. On completion of the preceding steps, 3 categories of organic constituents of importance to the water utility and its customers were established ( Table 5 ). The outcome of this step was a preliminary priority list of organic contaminants (PPLOC) for monitoring in the drinking water value chain (Table 5 ). This list was finalised after consulting with the relevant experts at a workshop.
Toxic

Validation of the priority list of organic contaminants by drinking water industry experts and relevant stakeholders
The preliminary priority list of organic contaminants obtained from Step VI (Table 5 ) was presented to a group of experts from the drinking water industry and relevant stakeholders for validation. At this workshop, industry-specific criteria and analytical challenges were identified as other aspects affecting organic analysis by water utilities. The preliminary priority list of organic contaminants (PPLOC; Table 5 ) was assessed and the priority list of organic contaminants finalised. All contaminants with priority 'S' for analysis were moved onto the priority list of organic contaminants (Table 6) . Benchmarking with other national and international bodies such as the WHO, USEPA, OECD and EU was done at this stage. However, local conditions and relevancy were given more emphasis.
The outcome of this step was a list of 100 priority organic 500 contaminants for monitoring in the drinking water value chain. This includes key metabolites and isomers for organochlorine pesticides such as DDT, chlordane, hexachlorocyclohexane (HCH), acetamide herbicides such as metolachlor and acetoclor and metabolites of S-triazine herbicides.
Results and discussion
The implementation of the protocol began with the identification of potential drinking water organic contaminants prior to any attempts to screen or sort them. These covered a range of organic contaminants that the consumers can be exposed to via the drinking water ingestion route, dermal contact during recreational activities including other relevant water uses and the inhalation route. During the validation of the 'pool of organic contaminants', workshop attendees felt that most organic contaminants were already represented in the WHO guidelines for drinking water quality document, (3rd edition) published in 2004. It was therefore agreed that the list will form part of the working document to be used in Step II of the protocol. The reasons given were the fact that the document is produced by experts across the world and undergoes a rolling revision to update the information. This emphasized the role of expert judgment in decision-making. In this study, the 'occurrence criteria', evidence of occurrence in environmental samples collected along the drinking water value chain, and expert judgment were considered adequate for an organic contaminant to be placed on a 'priority list of organic contaminants for monitoring in the drinking water value chain'. In the event that the occurrence criteria, the PBT criteria and information gathered during the water quality monograph development were not enough to assist the decision-making process on whether to place the organic contaminants on the list of organic contaminants of concern (Table 3), other criteria relevant to the drinking water industry were used.
The major challenge was the limited information on some organic contaminants to allow for decision making based on the occurrence and human health effects criteria. This was true for compounds such as synthetic organic polymer residues; allyl chloride, diallyl ether, 5-hexanal and glycidol, identified benzotriazoles, some plasticisers such as 2-chloroethanol phosphate and tri-n-butylphosphate, some pesticides such as 3,4-dichloroaniline, 3,3',4,4'-tetrachloroazobenzene, disulfuton, isocarbophos and hexachlorocyclohexane, which has been proved to not be as important as its isomers (Zhou et al., 2001; Zhang et al., 2003; Voutsa et al., 2006) . Pesticides such as MCPB, 2,4-DB, mecoprop, dichlorprop, fenoprop, 2,4,5-T were not frequently detected in the drinking water value chain. There was also limited information concerning the occurrence of atrazine and its metabolites, although evidence suggests that they are suspected endocrine disruptors and some of the metabolites have been found to occur in surface waters which might be used as sources for drinking water production. It was, however, decided to keep the metabolites on the list. Pharmaceuticals and personal care products (PPCPs) have limited information to satisfy the PBT criteria. However, most have been found to occur in source water resources. These include compounds such as diclofenac, ibuprofen, amoxicillin, chloramphenicol, sulphamethaxole, lincomycin, trimethoprin and triclosan. These compounds were kept on the PLOCC due to other concerns such as the fact that they are continuously added to the environment and as 'emerging organic contaminants' a lot of research is currently being conducted to establish their public health significance in the aquatic environment. Details are given in Ncube (2009).
Metolachlor was detected in all water samples, from the Vaal Dam to the tap, while atrazine, simazine and terbutylazine were below the detection limits during the wet season. Other contaminants positively identified along the Rand Water drinking water value chain include the disinfection by-products chloroform, bromodichloromethane and dibromochloromethane, and cyanotoxin products 2-methylisoborneol and geosmin. All contaminants which were positively identified occurred at concentrations lower than the recommended drinking water quality guideline or standard when compared with the WHO drinking water guidelines (WHO, 2004) , and which thereforedo not constitute a health hazard. The rest of the organic contaminants were either below the detection limit or gave a not detected (nd) result. Aldicarb and its metabolites were detected at a level of 0.02μg/kg in sediment samples from the Vaal Dam. Heptachlor was detected in fish fat tissue, dieldrin in fat tissue and gonads and p,p'-DDE in fat and gonads during the low-flow season (dry period). During the high-flow season, p,p'-DDE was detected in all 4 fish tissues while deltamethrin, a pyrethroid, was detected in muscle tissue. The results were subjected to statistical analysis as described in preceding sections. The details are given in Ncube (2009). The assessment of organic contaminants for the occurrence criterion was performed using both multi-residue analysis and target compound analysis. However, most results were either below the limit of detection (LOD), below the method reporting limit (MRL) or non-detected ('nd'). This became a major challenge in data interpretation and application of the occurrence criterion. Measurements below the detection limit raise the degree of uncertainty as this happens as a result of a number of factors. For example, it cannot be reliably asserted that they are statistically different from zero. These is a cause for concern since most organic contaminants on the preliminary priority list occurred at levels lower than the detection limit or were reported as 'not detected'. This constitutes a limitation in implementing the occurrence criterion (Step III of the Protocol). However, due to their properties, it will be advisable to continue monitoring for these organic contaminants, especially in source water. This is due to the fact that organic contaminants are found in the water column at very low concentrations. It has also been observed that investigations or assessments of organic contaminants related to chronic low level exposures or related situations often face the difficult task of dealing with levels of contamination that are hard to detect and/or quantify.
Another limitation for the implementation of the occurrence criterion is the assurance that the non-detection of a parent compound means its absence in the matrix of interest, as it is possible that the compound might have been degraded into metabolites that are either more or less persistent or toxic. In reality, if the parent compound breaks down quickly into its metabolites, it will definitely be detected at lower levels in the matrix of interest or not detected at all. An example is the case of the S-triazine herbicides which are degradable once in the soil or aqueous environment. Transformation products of organic contaminants have the potential to be similarly or even more mobile, persistent or toxic than their parent compounds. These should therefore be included in the assessment of water quality, sediment and biota in order to safeguard human health.
It will therefore be prudent to consider analysing for the degradation products in water, including the parent compounds. Atrazine has been found to have a half-life of 30-90 days in the http://dx.doi.org/10.4314/wsa.v38i4.3 Available on website http://www.wrc.org.za ISSN 0378-4738 (Print) = Water SA Vol. 38 No. 4 July 2012 ISSN 1816-7950 (On-line) = Water SA Vol. 38 No. 4 July 2012 501 environment. The detection of apparent residues of these herbicides in the drinking water value chain is an indication that they do persist in the aquatic environment, especially source water, and need to be analysed for. Atrazine was detected in most samples, except sediment and fish, in both seasons. The detection of p,p'-DDE in most fish tissue is an indicator that the most persistent and bio-accumulative DDT metabolite is p,p'-DDE. Dieldrin was also detected in fish gonads. Dieldrin occurs as a metabolite of the unstable aldrin which is immediately converted to dieldrin once in the environment.
Conclusions
During the validation exercise, the following was noted: The generic protocol for the selection and prioritisation of organic contaminants for monitoring in the drinking water value chain has been successfully implemented in a prototype drinking water value chain. The area in which the protocol was tested is one of the biggest water utilities in Africa and the assessment covered the whole drinking water value chain from catchment to tap. A priority list of organic contaminants has been identified for use by Rand Water and other water utilities. Organic contaminant monitoring is currently in place. Sampling is done twice a year during the high-and low-flow periods. The occurrence, potential exposure and human health effects criteria play a major role in selecting and prioritising organic contaminants for monitoring in the drinking water value chain. Industry-specific criteria such as existence of drinking water quality guidelines or standards, availability of capacity for analysis, extent of use of certain organic contaminants in local catchments, relevance of a particular contaminant or group of contaminants to the drinking water industry under local conditions, ease of monitoring, and removal of contaminant during water treatment, also play a significant role during the prioritisation of organic contaminants for monitoring in the drinking water value chain. Tailor-made prioritisation criteria reflective of the drinking water industry perspective are important, and have proven to be successful in selecting and prioritising organic contaminants for monitoring in the drinking water value chain. The organic contaminants in the current study were successfully prioritised in 3 classes, short-term priority for analysis, medium-term priority for analysis and long-term priority for analysis. This is a very important guide for water utilities to assist in optimising their resources while not compromising the role of public health protection.
